Lymphocytic choriomeningitis (LCM) virus defective interfering (DI) particles form foci of protected cells in a monolayer under an agarose-containing overlay medium. Foci originate from one cell dually infected with at least 1 interference focus-forming unit and infectious virus. As a result, an interfering factor is produced and released which interacts with neighboring cells, thereby protecting them against cytopathic lysis by challenge virus. The property of individual LCM virus DI particles to induce countable foci has been made the basis of a quantitative assay that is comparable in every respect to the plaque assay of infectious virus and is much more sensitive and probably more accurate than other procedures used to measure LCM virus DI particles. LCM virus was passaged, undiluted, 10 times in cell cultures. When yields were analyzed as to concentrations of PFU and interference focus-forming units, both entities were found to fluctuate with the pattern expected from theoretical considerations.
Lymphocytic choriomeningitis (LCM) virus defective interfering (DI) particles form foci of protected cells in a monolayer under an agarose-containing overlay medium. Foci originate from one cell dually infected with at least 1 interference focus-forming unit and infectious virus. As a result, an interfering factor is produced and released which interacts with neighboring cells, thereby protecting them against cytopathic lysis by challenge virus. The property of individual LCM virus DI particles to induce countable foci has been made the basis of a quantitative assay that is comparable in every respect to the plaque assay of infectious virus and is much more sensitive and probably more accurate than other procedures used to measure LCM virus DI particles. LCM virus was passaged, undiluted, 10 times in cell cultures. When yields were analyzed as to concentrations of PFU and interference focus-forming units, both entities were found to fluctuate with the pattern expected from theoretical considerations.
Defective viral particles with the ability to interfere have been shown to accumulate during replication of many different kinds of viruses (3), including lymphocytic choriomeningitis (LCM) virus (10, 11) . In addition to inhibiting virus replication, LCM virus defective interfering (DI) particles inhibit cytopathic effects (CPE). In this report it is shown that in monolayer cell cultures individual DI particles induce foci that consist of cells protected against the cytolytic activity of infectious virus. This property has been made the basis for an assay that allows the quantitative determination of DI particles in LCM virus preparations.
MATERIALS AND METHODS

Cell cultures. L cells, and in a few experiments
HeLa, BHK-21, and Vero cells, were used. Growth media consisted of Eagle minimum essential medium supplemented with non-essential amino acids and 5% calf serum. The pH was maintained at 7.2 with 0.14% NaHCO3 under 5% C02 at 37°C. Plastic petri dishes, 3.5 cm in diameter, were seeded with 3 x 105 cells in 2 ml of medium. Cultures were always used within 24 h, when the numbers of cells did not exceed 6 x 105 and monolayers were still incomplete.
Virus. All experiments were done with the WE strain of LCM virus (8 the mouse brain. It was propagated in L cells and harvested 20 h after infection. Virus rich in DI particles was obtained by undiluted passage in L cells (see Fig. 3 ). To eliminate infectious virus from preparations, these were irradiated with UV light under conditions known to inactivate PFU but to leave DI particles functionally intact (10) . Infectious virus was titrated by counting plaques on L cell monolayers. The overlay medium contained 0.55% agarose, and the total time of incubation was 5 days. The cells were then fixed with formaldehyde and stained with crystal violet (7) .
Infective center assay. Virus in 0.1 ml of medium was spread onto L cells and allowed to adsorb for 60 min at room temperature. The cells were then rinsed twice and covered with 2 ml of prewarmed (370C) medium to be incubated at 370C for 6 h. They were washed again three times, dispersed with trypsin, concentrated by centrifugation, and counted. Serially diluted cells were dispensed to L cell monolayers, which were kept for 30 min at 370C. These were covered with 2 ml of medium containing 0.8% methyl cellulose cP 400. After 4 days at 370C, plaques were visualized and counted as for the plaque assay (see above). Numbers of PFU that were not cell associated were determined in parallel, and infective center counts were corrected correspondingly.
Determination of the interfering dose. Cultures were infected with 500 to 1,000 PFU contained in 0.1 ml of medium together with the material to be tested, and adsorption was for 30 min at 370C. Incubation under a medium containing 0.8% methyl cellulose and staining with crystal violet followed the protocol previously described for the infective center 1 assay. When CPE had developed, i.e., on day 4, cell protection was assessed with an empirical scale ranging from + + + + to +. By our definition, one interfering dose is that amount of interfering material that exerts a slight but unquestionable reduction of CPE corresponding to + in a 3.5-cm L cell monolayer culture. This procedure is similar to the one proposed by Welsh and Pfau (11) .
Making reduction of CPE the basis for an interference assay is dependent on a general association of both parameters. The relationship between yield and CPE has been investigated under a variety of experimental conditions, with the consistent result that inocula sufficiently high to reduce CPE also led to a corresponding reduction of the infectious yields. An illustration for this statement may be found in Fig. 2 The numbers of DI particles were also calculated from the reduction they effected on infective centers. b Cells were washed, incubated for 6 h, washed again, and dispersed with trypsin, as has been described in connection with the infective center assay. They were counted, and volumes of 20 gl of medium containing either 0.4 or 8 cells were distributed into individual cups of microtest plates. After 30 min, trays were examined with a microscope and cups that had received an average of 0.4 cells and contained one and only one cell were marked. After 8 h of incubation, media from all individual cups were assayed for PFU with entirely negative results. Cups were then filled again with 20 iLl of prewarmed medium, and after further incubation for 8 h the contents from each cup, together with 50 /l of medium with which they had been rinsed, were added to individual assay cultures; plaques were counted 4 days later. When the values thus obtained were compared with the numbers of DI particles as calculated on the basis of yield reduction, the latter were slightly lower (see Table 5 ). However, taking into account the methodological complexities of both methods, the agreement is quite satisfactory, and this we consider valuable additional evidence strengthening our assumption that the method of one-cycle yield reduction measures, indeed, all interfering particles as they express themselves under our experimental conditions.
RESULTS
Interference focus-forming unit (IFU).
When interfering particles are added to L cell monolayer cultures together with highly cytolytic infectious virus, zones of protected cells appear. These resemble morphologically the comet-shaped LCM virus plaques described by Hotchin (2) , with the obvious difference that the latter are made up of lysed or partly lysed cells whereas the comets caused by interfering particles consist of intact cells. When spread of virus is prevented by, for example, agarose in the medium, foci consisting of islands of viable cells develop which contrast with a background of lysed monolayer cells. After staining, these foci can easily be counted (Fig. 1) . Comets Application of this assay depends on predictable reductions of counts with dilutions of the material to be titrated. In Table 2 the results of one of four experiments that were analyzed in this respect are presented. In each case the relationships between numbers of foci and concentration were found to be linear.
To obtain some knowledge concerning the The question was asked whether a focus represented an area of the monolayer protected by spread from the center to the periphery of some interfering factor or whether a focus developed by clonal expansion of one protected cell. Thymidine at a concentration that blocked cell division but did not affect cell viability (2 mM) was included in the agarosecontaining overlay medium, and IFU were assayed as described. In two experiments the numbers of IFU were not diminished as compared with the controls, which shows that a focus may develop under conditions in which cell multiplication is virtually absent. However, foci under thymidine appeared to be less dense, and we interpreted this to mean that cell multiplication did play a role. That DI particle-protected cells may multiply was confirmed in a further experiment in which the development of such cells into clones was investigated. Cultures were infected, and single cells at a concentration of one per sample were dispensed into microcups. They were incubated for 10 days and clones were counted. In parallel, the same suspensions were distributed into cups containing amplifier cells, and infection was determined in these after 4 days of incubation. When evaluating the results, it must be borne in mind that with an average of one cell per sample, according to Poisson distribution, we should expect 36.8% of the cups to have received one cell and 26.4% to have received more than one cell. With an average of 0.5 cell/sample, these values should be 30.3 and 9.0%, respectively. Taking this into account, we see (Table 3 ) that the cloning efficiency of cells protected by DI particles approached 100%. In contrast, of the cells calculated not to have been protected by DI particles, approximately 50% did not form colonies and a similar proportion was shown to have produced infectious virus. Evidently, infection under these conditions results in cell destruction, whereas protection by DI particles allows cell multiplication to proceed normally. It should also be pointed out that cells protected by DI particles did not release detectable quantities of infectious virus, which confirms our previous conclusion that interference in this system is an all-or-none phenomenon.
Next we wanted to know when spread of the interfering factor causing the formation of foci occurred. Cultures infected with IFU plus infectious challenge virus or with infectious virus only were incubated under liquid overlay medium. This was replaced by agarosecontaining medium after 0, 16, 20, and 24 h of incubation. On day 4, PFU and IFU assays, respectively, were performed. The zero-time cultures contained foci or plaques only. In the cultures in which the liquid medium had been exchanged against an agarose-containing medium at 16 h, approximately 20 and 25% of comets had developed in addition to foci or plaques, respectively, and when the medium was exchanged after 20 and 24 h comets predominated in both groups of cultures. From these results it may be concluded that the cellprotecting material is released before h 16, and probably at about the same time when infectious virus is released.
It also appeared important to know when, in relation to IFU, infectious virus had to be added for foci to develop. Data in Table 4 show that IFU cause the formation of foci when challenge virus is added up to 12 h before and until 16 h after IFU, although the time limits for maximal counts appear to be narrower.
Sensitivity of IFU assay. The newly devel- Table 1 . In addition, uninfected cultures served control purposes. b Cells were incubated and dispersed as described in connection with the infective center assay (see text). They were adjusted to one cell/0.05 ml of medium, and these volumes were dispensed into 192 wells of microcell culture plates per type of cells. They were incubated for 10 days (0.025 ml of medium added twice), and colonies were counted.
c Cells were dispersed as described above into 480 wells for each type. Immediately afterwards, 7 x 103 amplifier cells in 0.025 ml of medium were added; incubation was for 4 days. Each microculture was then examined for infection on the basis of both development of CPE and release of complement-fixing antigen (1) . Controls were included to allow quantification of the amount of free virus as well as an assessment of the reliability of the criteria chosen for demonstrating infection. Where suitable, data were corrected correspondingly. The percentage of infected microcultures is expressed on the basis of cups calculated to have received one or more cells.
oped procedure has been compared in terms of sensitivity with other methods used in this laboratory and elsewhere. In a number of experiments interfering dose and IFU were numerically compared. From the results of 10 independent parallel titrations, one interfering dose was calculated to correspond to 220 IFU. One experiment in which additional parameters were determined is presented in Fig.  2 . As has already been mentioned, the results show a high degree of correlation between reduction of CPE and reduction of infectious yield. Not surprisingly, the optical impression of complete protection is apparent rather than real, because further reduction of infectious yields occurred at concentrations of virus higher than were necessary to cause protection graded + + + +. On the other hand, one interfering dose (designated +), which in this particular experiment corresponded to 280 IFU, did not significantly reduce the yield.
In other experiments total numbers of DI particles as calculated from reduction of infective centers and/or yield were determined in parallel with numbers of IFU. In each case the former exceeded the latter by factors varying between 10 and 100. One observation of this kind is shown in b Two preparations with IFU were used: A, IFU freed of PFU by UV irradiation; B, IFU enriched relative to PFU (IFU/PFU, -2) by undiluted passage in cell culture. ND, Not determined. the multiplicity of infection must not exceed a certain value, which appears to be 0.1. Conversely, a focus only forms if a cell receives PFU, in addition to IFU, within certain limits of time (see above). Hence, the underestimation of IFU can, at least in part, be explained by the procedure used for their quantification.
To test this conclusion, the sensitivity of the IFU assay was increased by increasing the number of doubly infected cells. Monolayer L cells were infected with LCM virus containing, in addition to known quantities of IFU, known quantities of PFU. Interference focus- They were serially diluted 3.16-fold (log1,o 0.5), and 0.1 ml was added to L cell cultures concomitantly infected with 103 PFU of virus. After 14 and 48 h of incubation, cells from individual cultures were disrupted by sonication and total numbers ofPFU from each culture were determined by plaque assay. In parallel cultures maintained under a methyl cellulose-containing overlay medium, protection against viral CPE was determined and graded + to + + + +. One interfering dose causes protection ofcells graded forming centers were determined as has been described and were compared with IFU initially added. The results show ( Table 6 ) that focus-forming centers exceeded IFU as initially added by factors ranging from 2.3 to 11.9. However, the differences were lower than the differences between IFU and total numbers of DI particles, which were determined in parallel when the conditions were suitable.
Nature of IFU. IFU are readily neutralized by antiserum directed against all immunogenic components of the LCM virus. Also, in centrifugation experiments they differ only slightly from the infectious virus. However, in marked contrast to infectious LCM virus, IFU are highly resistant to UV irradiation, a property that has also been found for LCM virus DI particles by Welsh et al. (10) . When IFU were added to monolayers without challenge virus, they quickly disappeared; at most, 10% of the input could be recovered when such cells were sonically treated after an incubation period of 16 h.
The nature of the factor that causes an island of cells to be protected against the cytolytic action of challenge virus is not yet understood. From the way the material spreads under liquid medium (formation of "comets"), it appears to be particulate. However, at the time when release of cell-protecting material is well under way, namely, after 20 h of incubation, numbers of IFU in the culture were not found to be increased. Furthermore, after 5 days of incubation, that is, at a time when foci had developed to completeness, the number of IFU recoverable from the cells making up the foci was even less.
Foci have been consistently found to be negative for antigen, as can be revealed by immunofluorescence. They are cytolytically destroyed when superinfected with vesicular stomatitis virus but not when superinfected with cytolytic LCM virus.
Fluctutation of infectious virus and IFU during undiluted virus passages. To obtain additional information with regard to the inter- action between IFU, infectious virus, and cells, yields from 10 virus passages performed with undiluted inocula were analyzed (Fig. 3) .
As a rule, high concentrations of PFU were associated with high concentrations of IFU and, when such materials were used to initiate the next passage, reduced yields of either type of particles resulted. However, the ratio between PFU and IFU varied considerably, and in materials from two passages the values were below 1. Yields corresponding to low concentrations of IFU, i.e., from passages 2, 5, 7, and 9, induced CPE, whereas harvests corresponding to the remaining passages all left the cells of inoculated cultures visibly unharmed.
DISCUSSION
Under certain experimental conditions numerous viruses are known to generate defective particles that inhibit the replication of the homologous infectious virus (3) . In accordance with a proposal by Huang and Baltimore, they are usually called DI particles (4). Homologous LCM virus interference caused by DI particles is a two-faceted phenomenon; to the extent that replication of infectious virus is reduced, development of CPE is suppressed. This dual nature of LCM virus interference is also the basis of our observation that LCM virus DI particles may function as IFU. All our data are compatible with the assumption that interaction between at least 1 IFU with at least 1 PFU within one cell leads to the formation of a focus. The molecular mechanisms of this cooperation are not yet known, and even the mode of action of IFU is only partly understood. After dual infection of a cell with both PFU and IFU, a factor is released that renders the cells with which it makes contact refractory to CPE as well as to production of infectious progeny virus. From the way it spreads under liquid medium (formation of"comets"), we assume that this factor is also particulate. However, it appears to be different from IFU, because their numbers were not increased in cultures at a time when the cell-protecting factor was being released. A final decision as to whether IFU and the spreading material, which protects cells against the cytolytic destruction by challenge virus, are different entities has yet to be made.
Notwithstanding the limitations of knowledge, focus formation by IFU has allowed the development of a new quantitative assay that has proved a valuable tool for studying the nature and mode of action of LCM virus DI particles. The close association between the two parameters of LCM virus interference, reduc- Cultures were infected and incubated for 48 h at 37°C. Cells and media from two cultures were harvested and treated with an ultrasonic disintegrator, and 0.1 ml of this material was used undiluted to infect new cultures. Remaining virus was stored at -70°C to be titrated in parallel at the completion of the passage series. tion of replication of infectious virus and suppression of CPE, has previously been made the basis for an assay (11) , and initially we measured LCM virus interference by using a similar procedure. Although inspection of a culture plate and assessment of CPE as the basis for estimating interference is convenient and useful for many purposes, it is nevertheless insensitive and inaccurate when detailed questions are to be answered. Determining DI particles from the effect they have on either infective centers or infectious yield is also open to criticism. When the number of cells receiving DI particles is less than one-half the number of cells in the culture, reduction of both infective centers and infective yield becomes minimal and may be grossly influenced by experimental variation. Thus, the limit of reliability of this method corresponds to approximately 2 x 105 DI particles. Analysis of our data with the aim of comparing the sensitivities of the three procedures under consideration reveals that the 5h 4F IFU assay is over 100 times more sensitive than determination of the interfering dose. As contrasted with ascertaining the number of interfering particles on the basis of yield reduction, the sensitivity of the new assay is higher by more than three orders of magnitude.
The high degree of correlation between IFU on the one hand and reduction of infectious yield and CPE on the other is illustrated in an experiment in which yields from 10 undiluted virus passages were analyzed as to formation of IFU, formation of PFU, and induction of CPE. As a rule, numbers of IFU increase together with numbers of PFU under conditions where CPE develops. Alternating passages are characterized by decline of both IFU and interference potential. A full understanding ofthe complex pattern observed requires a more detailed study of the numerous parameters involved. Even so, we may assume that a dynamic interaction between infectious virus, interfering particles, and host cell is the cause of the cyclical variation and that our observation is a further example of a feedback phenomenon proposed on theoretical grounds by Huang (3) and verified experimentally for vesicular stomatitis virus (6) .
